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ABSTRACT
Effects of X-ray Induced Achlorhdria on the Utilization of
Dietary Calcium and Iron from Different Salts by Rats
by
Reid Scott Holbrook, Master of Science
Utah State University, 1974
Major Professor: Dr. Arthur W. Mahoney
Department: Nutrition and Food Sciences
Dietary calcium has been classified as one of the minerals
frequently limiting in the American diet (FAQ, 1962) .

Bone

demineralization has been observed as a result of calcium deficient
diets (Salomon et al., 1972), partial gastrectomies (Eddy, 1971) and
inadequate hormonal balance (Albright et al., 1948).

Although bone

demineralization, or osteoporosis, has been attributed to many factors,
the interrelationship of gastric acidity and the utilization of dietary
calcium may be a key to the etiology of osteoporosis.
Eighty weanling male albino rats were divided into eight groups.
All animals had their stomachs exposed through a mid-line incision.
Control rats were sham-operated while the treatment animals had their
stomachs X-irradiated to destroy the secretory cells.

Four diets were

prepared containing calcium carbonate, calcium chloride, tri-calcium
phosphate or calcium gluconate as calcium sources.

For a three-week

experimental period, ten control and ten X-irradiated rats were fed
each diet.
In vitro data suggests that the solubility of each calcium salt,
except calcium gluconate, increased in an acid media.

Saturated

ix

solutions of calcium carbonate and tri-calcium phosphate had low
quantities of calcium ion in solution in neutral pH's, but as the acidity
was changed from pH 4 to pH 3 the calcium ion concentration increased
as much as eight times .

This demonstrates that the presence of acid

with insoluble forms of calcium salts will generally increase calcium
ion concentration in solution.
All X-irradiated animals had an average fasting gastric pH of
over 6, while the control rats averaged pH 2.5.

The calcium absorption

data demonstrates that X-irradiated rats fed diets containing soluble
calcium salts (calcium chloride, 18.5 percent and calcium gluconate,
25.13 percent) had increased absorption values over those fed diets
containing calcium salts of low solubility (calcium carbonate, 12.94
percent and tri-calcium phosphate, -7.06 percent).
Femur strength and bone calcium data reflected similar evidence.
Both femur strength and bone calcium of the X-irradiated rats fed the
less soluble forms of calcium salt were significantly lower than the
controls, while X-irradiated rats fed the more soluble forms of calcium
had femur strength and bone calcium similar to the controls.
Achlorhydric, or X-irradiated, animals were observed to have
decreased iron stores in comparison with the control rats.

Hemoglobin

levels, liver iron and iron absorption were all significantly reduced
in the x-irradiated animals.
From the results of these experiments, it is apparent that gastric
acidity and the solubility of the dietary calcium source play an
important role in the utilization of calcium.
(68 pages)

INTRODUCTION
A continued bone loss results in osteoporosis.

Since osteoporosis is

usually not recognized until 30 percent of the mineral has been lost
(Basset and Nordin, 1960), bone demineralization occurs for several
years before resulting in recognizable osteoporosis.

In people over

age 50 the incidence of bone demineralization is approximately 15 percent
in males and 39 percent in females (Garn et al., 1967).

Similarly ,

Lutwak (1964) found that at least 10 percent of the non-institutionalized
population over age 50 has recognizable bone demineralization or
osteoporosis.

Bone demineralization is thus a problem in elderly

individuals, especially when clinical awareness comes at the time of
physiological seriousness.
The principal causes of osteoporosis are thought to be decreased
ability to absorb calcium from the intestine (Starry, 1961), chronic low
intake of calcium (Vinther-Paulsen, 1953) , and lack of certain hormones
(Albright and Reifenstein, 1948).

A decrease in calcium absorption from

the intestine is associated with a deficiency of gastric acid
(Bussabarger et al., 1938), and partial gastrectomy (Caniggi.a et al., 1964).
Eddy (1971) found that 30 percent of 342 patients with partial
gastrectomies had defects in calcium metabolism, while only 5 percent of
1180 patients with peptic ulcers of a similar age and sex had calcium
metabolism defects.

In 1938, Bussabarger and associates, experimenting

with gastrectomized puppies, found a negative calcium balance in
comparison with a positive calcium balance for the control animals.

The

associated decrease in gastric acid secretion was cited as the cause of

2

the negative calcium balances of the gastrectomized puppies.

The purpose

of this study will be to show the interrelationship of gastric acidity
and the utilization of dietary calcium sources varying the solubility.

3

REVIEW OF LITERATURE

The Relationship between .Gastric Acidity and
the Utilization of Dietary Calcium
Solubility of calcium salts
When a solvent is placed in contact with an excess of solute and a
constant concentration of the solute is maintained, then the solute and
solution are at equilibrium and the solution is said to be saturated.
When equilibrium between the pure solid and the solution is reached at
a constant temperature, the solution is then in a constant state of
flux with the rate of ions going into solution equal to the redeposition
of the ions onto salt crystals.

When a salt is placed in water, the

solubility of a given crystal is the result of two opposing forces:
the attraction of water molecules for the ions of the crystal and the
lattice forces holding the ions together in the crystal.

The ions in

aqueous solution are stabilized by their strong attraction to the water
molecule (Mahan, 1965).
The factors tending to pull ions of a crystal into solution and
thereby altering the solubility are:
increases in solubility; 2.

1.

A rise in temperature causes

An excess of one ion added to a saturated

solution of a salt will cause the concentration of the other ion to
decrease to maintain constancy of the ion product;
can cause the reaction MA(s)

=

3.

Removal of ions

M+ + A to move to the right which will

shift the equilibrium resulting in an increased solubility of MA.
Addition of acid will increase the dissociation of salts by the
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competition of hydrogen ions for the spaces occupied by other cations
of the salts.
of course, the size of the lattice forces depend on the particular
species that make up the crystal.

When lattice forces are large, the

solubility is low; when the lattice forces are small, the solubility is
large.

Therefore, the binding energy is high and the bonding angles are

almost without stress in crystals with a low solubility (Mahan, 1965) .
Except in the cases of some phosphate salts, it is generally
accepted that increasing the temperature will increase the solubility
of a salt by weakening the lattice forces of the crystal, but under
physiological conditions in the mammalian body the temperature is
essentially isothermal, causing only insignificant effects in solubility.
Slight increases of acid in the media affect the solubility constant
of calcium phosphate salts by changing the forms at which different
calcium phosphates can exist.
Ca3(P04-) + 3H+ ~ Ca2(HP04-) + 2H+
(.020 gm/liter)

+

(.316 gm/liter)

Ca(H2P04 ) + H+ ~

(H3P04)

(18 gm/liter)

According to the common ion effect, increases in acid in the media
increase H+ ion concentration and drive the phosphate ion concentration
to the right.

As acid is added the hydrogen ion competes for the phosphate

complex and dislodges the calcium cations, changing the form of the
calcium-phosphate salt.

The loss of the calcium ions decreases the

solubility of the calcium-phosphate salt.

Thus, the absence of acid

allows the precipitation of the phosphate complex with calcium cations to
form a more insoluble product

(Mahan, 1965).
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The effects of a varying pH on the solubility of the calcium
phosphate salts are shown in Figure 1.

Figure 1.

The effect of pH on the solubility of calcium phosphate salts
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pH of solution

The complex tri-salts are formed in a very alkaline medium, while
increasing the acidity of the medium results in the substitution of
hydrogen ions for calcium ions.

The rate of substitution is dependent

on the lattice forces binding the calcium ions and environmental media
of the solution.
Salts which have similar structural formulas may have similar
solubilities.

For example, calcium chloride and calcium gluconate are

similar in structure and so are tri-calcium phosphate and calcium
carbonate.

Calcium chloride has an exceedingly high solubility

(740 gm/liter) while calcium gluconate has only a relatively high
solubility (33 gm/liter) (Handbook of Chemistry and Physics, 1968).
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This is attributed to the hi9h degree of covalent character found in these
compounds.

The calcium cations are tenaciously bound by the phosphate

ions and are not easily removed.

Since dissociation of the ionic

components of the salts does not occur in water because of their
covalent characteristics, the addition of acid is necessary for ionic
dissociation.

The absorption of iron
Iron absorption is in some way controlled by the iron status of the
body.

One of the current theories is that a gastric secretion called

gastroferrin combines with the divalent ferrous ions.

Gastroferrin

promotes duodenal absorption of iron by preventing iron from forming
insoluble iron hydroxide.

Absorption of iron can occur at any level of

the gastrointestinal tract from the stomach distally, but it is greatest
in the duodenum and upper jejunum (Henry, 1972).
The intestinal mucosa has a significant role in the regulation
of iron absorption.

Both the gastroferrin complex and chelated iron

complex can be absorbed across the luminal membrane.

The iron

complex then combines to form heterocomplexes with specific binding
sites in the brush borders of the proximal small intestine.

These

binding site complexes are thought to free the iron from the
gastroferrin or chelated iron complex (Forth and Rummel, 1973).
After entering the mucosal cell, the iron molecule is transported
across the cell gradient as an iron-protein complex called ferritin.
The iron is then transferred to plasma transferrin, a beta globulin,
which carries it to the bone marrow for hemoglobin synthesis (Henry, 1972).
Any nonutilized iron is carried to storage sites in the spleen and liver.
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In iron deficiency iron is trapped by a ligand which is a
non-ferritin protein.
cells.

The ligand escorts the iron across the mucosal

This protects it against competing intracellular ligands,

therefore insuring the rapid transfer of iron across the mucosal cell.
Other ligands are thought to have a much slower exchange (Forth and
Rummel, 1973).
Calcium absorption from the
different calcium salts
Calcium absorption involves an active transport mechanism in the
proximal intestine (Schacter et al., 1966).

Schadl (1963) demonstrated

that calcium is absorbed against a concentration gradient throughout the
proximal intestine.

The movement of calcium between the lunten and tissue

is against the gradient, while the movement between the tissue and blood
is with the gradient (Krawitt et al., 1968).
Removal of calcium ions from an equilibrium solution will generally
increase the solubility of a calciurn salt complex.

cax = ca++ + x=
As the calcium ions are absorbed across the intestine wall, the salt
complex releases more calcium ions to regain equilibrium.
Robinson et al. (1941) found that both the calcium salt and acidity
of the solution are important factors in the amount of calcium absorbed
by the body.

As discussed earlier, calcium is absorbed in an ionic

form, thus acid may be needed to solubilize some calcium salt forms
before absorption can occur.

The gastric acid therefore becomes

especially prominent in calcium absorption from the more insoluble
calcium salts.

The absorption of calcium under achlorhydric conditions

is then dependent on the solubility of the calcium salt at neutral pH.
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Although the amount of calcium ions available for absorption from the
calcium chloride salt is dependent upon the acidity of the media, due to
a high solubility at a neutral pH adequate amounts of calcium ions are
available from this salt.

Calcium lactate absorption was increased by an

increase of concentration and by an alkaline media (Robinson, et al.,
1941).

Calcium gluconate, which is somewhat like calcium lactate, reacts

with similar chP..mical properties.

Thus even under achlorhydric

conditions much of these calcium ions will be available for assimilation
by the body.

The insoluble forms of calcium, such as tri-calcium phosphate

and calcium carbonate, would pass through the body almost without
absorption of calcium in the absence of gastric acid.

When an

insoluble form of dietary calcium is consumed, then gastric acid is
necessary to increase the solubility of a calcium salt.

Thus, calcium

absorption is dependent upon the availability of gastric acid.
Effects of calcium deficiency
Deficiency of calcium may occur whenever the demand in the body
exceeds the supply in food, whenever assimilation from food is unusually
poor, or whenever extra large amounts are lost from the body.

Certain

individuals may not adapt efficiently to a low calcium intake, thereby
resulting in osteoporosis, a state of gradual demineralization of bone.
This disorder may develop from a life time of low calcium consumption.
Salomon et al. (1972) demonstrated decreased bone strength in rats
fed a calcium deficient diet.

Both the diameter and weight of the bones

decreased, while the length of the bone was the same.

The strength of

the bone matrix is, therefore, dependent upon the calcium within the
structure.
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It is generally accepted that stunted growth and decreased body
weight are common symptoms of calcium deficiencies.

These can be

attributed to the lower bone weights and the influences of the calcium
deficient diet on other tissues.

Bone demineralization due to
a negative calcium balance
A negative calcium balance, due to insufficient calcium intake may be
a cause of bone demineralization.

It is a general fact that elderly

individuals consume less calcium than the National Research Council
(1964) and World Health Organization (FA0,1962) recommend.

This is

attributed to a decreased food intake in later years resulting in a
decreased intake of calcium.

Vinther-Paulsen (1953) measured the

habitual intake of 33 residents of an old folks home by weighing the
diets these individuals selected over a two-week period.

Among those

taking less than 0.5 grams of calcium/day the incidence of osteoporosis
was 74 percent, while those taking more than 0.5 grams of calcium/day had
an incidence of osteoporosis at 14 percent.

Smith (1958) paired 68

osteoporotic patients with 68 non-osteoporotic patients of similar age
and compared the daily calcium intakes.

He found a mean daily calcium

intake of 487 mg for the 68 osteoporotic individuals; the non-osteoporotic
patients had an average daily calcium intake of 836 mg.

Cohn, et al.

(1968) demonstrated that rats fed a low calcium diet had an appreciably
increased resorption rate of calcium from bone and a very low rate of
apposition of calcium into bone.

Animal and human data firmly indicate

that a negative calcium balance over a long period of time may be a cause
of osteoporosis.

10
Bone demineralization
due to gastrectomy
In 1955, Nicolaysen and Ragard found that the calcium balance is
negative in patients who have been gastrectomized.

Eddy (1971) compared

342 patients who had been treated with partial gastrectomies to 180
patients of similar age and sex with peptic ulcer.

Approximately 30

percent of the postgastrectomy patients and only 5 percent of the
non-surgical patients had defects in calcium metabolism.

The effect of

bone demineralization is probably due to the decrease of gastric acid
production caused by removal of secretory tissue.

The lack of gastric

acidity can, therefore, be considered of physiological importance in the
solubilization and absorption of calcium and also as a possible cause of
osteoporosis (Caniggia et al., 1964).
Calcium supplementation in correcting
a negative calcium balance
Although a negative calcium balance for long periods may cause
demineralization of the bone (Caniggia et al., 1964), researchers have
shown that dietary calcium supplementation may increase bone formation.
In osteoporotic patients (Whedon, 1959; Bassett, 1935; Adams et al., 1935),
gastrectomized puppies (Bussabarger et al., 1938) and gastrectomized
patients (Eddy, 1971), it was found that a negative calcium balance can
be changed to a positive calcium balance by increasing the calcium
intake.

Adams et al. (1935) treated an osteoporotic woman for 19 weeks

with different high calcium supplemented diets.

At the end of the

experiment, they found the woman had retained 29.3 grams of calcium and
13.3 grams of phosphorus, a 2.2:1 ratio; the same calcium to phosphorus
ratio found in bone.

Two of the major causes of lack of bone formation
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in an osteoporot ic pa tient arc a decreas ed c al ci um in ta ke or th 0 in<i bjl i ty
of the body to s ol ubi lize and absorb the di e tary calcium for me t a bo l ism.
When certain minerals are available in a reduced quantity, the body
takes priority in assimilating these minerals at an increased rate
(Nordin, 1961).

Calcium is one of these minerals.

Harrison et al. (1961)

demonstrated that many osteoporotic patients absorb and retain calcium
tenaciously when consuming a high calcium intake.

These data would

suggest that increased availability of calcium can improve calcium
balance .
However, increasing the calcium i ntake does not necessarily change
the osteoporotic patient to a positive calcium balance .

Garn e t a l.

(1967) and Spencer et al. (1964) have demonstrated that long t e rm
calcium supplementation results i n little, if any, i mprovement in many
osteoporotic patients.

In fact, Spencer et al. (1964) found a much

higher fecal calcium excretion by osteoporotic patients as compared to
non-osteoporotic patients .

Calcium supplementation of non-osteoporotic

patients increased their calcium balance to a high positive level, while
the osteoporotic patients' calcium balances did not improve.

Gastric acid, calcium and
iron absorption
$ince calcium and iron are both absorbed in the ionic state (Starry,
1961), gastric acid may be important in solubilizing the different iron
and calcium salts.

Both Robinson et al. (1941) and Bussabarger et al.

(1938) insist that gastric acid is important in the absorption of most
calcium salts.

This is because the acid of the gastric juice renders

dietary calcium salts more soluble and assists in the maintenance of the
acidity of the intestinal content, which favors the absorption of calcium.
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Similarly, Murray and Stein (1970) reported that gastric
x-irradiation of rats resulted in decreased hemoglobin values and liver
iron storage which was attributed to iron malabsorption, despite a
normal diet.

This evidence suggests gastric acid secretion is necessary

for optimal assimilation of dietary iron.

Thus, the necessity of gastric

acid secretion is important in both calcium and iron absorption.
Although the bulk of calcium absorption takes place in the proximal
part of the small intestine, some absorption does occur in the lower
end of the small intestine (Schule et al., 1968).

In 1961 Storry added

further evidence to the concept that gastric acid is needed to solubilize
dietary calcium when he found that the amount of ultrafilterable calcium
in gastric contents of sheep declines markedly as the pH of the contents
was raised above pH 6.0.

Therefore, as the acidity of the gastro-

intestinal contents decreases so does absorption efficiency of the
dietary calcium.
In 1959, Williams et al. found that the absorption of radio-iron
incorporated into bread is defective in patients with histamine-fast
achlorhydria.

Goldberg et al.

(1963) have shown that there is a

significant impairment of iron absorption in patients with iron
deficiency anemia, who have a histamine-fast achlorhydria, as compared
with a similar group of acid secreting patients with the same degree of
iron deficiency anemia.

The mean absorption of radio-iron in the acid

secreting group was 57.5 percent and 18.5 percent in the achlorhydric
group.

A significant reduction of absorbed dietary iron due to

achlorhydria would also mean a reduction of absorbed calcium, since
both iron and calcium are absorbed in the ionic state.
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If gastric acid is the limiting factor in iron absorption, people
with achlorhydria taking supplemental hydrochloric acid should have
increased iron absorption.

P. Jacobs et al.

(1964) and A. Jacobs et al.

(1967) demonstrated that ferric iron absorption is enhanced in subjects
with histamine-fast achlorhydria if the iron is administered with
hydrochloric acid.

Therefore, gastric acid can be considered as

important in solubilizing iron and calcium so that it can be absorbed.

Effects of x-irradiation
on the stomach
Irradiation therapy has been established as an effective method of
treating peptic ulcer because it destroys many of the secretory cells of
the stomach and thereby reduces the amount of gastric acid.

Animal

experimentation demonstrated that irradiation of the stomach was capable
of achieving complete achlorhydria (Ross, 1967).
Brown et al.

(1952) demonstrated that one-half of the patients

treated with a dose of 1600-2500 rads of X-irradiation became
achlorhydric, but none remained achlorhydric for more than 15 weeks.

The

development of X-irradiation as a means of reducing gastric acidity in
humans was stifled by uncertainty of the method, the possible long-term
hazards, and reappearance of acid after a given period; however, it is
a useful tool in studying mineral nutrition over a short-term experiment
with the laboratory animal.

Dietary factors affecting the
absorption of calcium
Many factors enhance the absorption of calcium and others hinder
calcium absorption.

Normal digestive activity and motility of

intestines favor the absorption of calcium.

Large amounts of fiber
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in the diet increases intestinal motility, thus calcium absorption
decreases (Bussabarger, 1938).
The calcium to phosphorus ratio is important to calcium absorption.
Large excesses of either calcium or phosphorus in relation to the other
will decrease absorption.

Vitamin D (Albright and Reifenstein, 1948)

and fluoride (Gregory, 1972) are known to enhance the absorption of
calcium.

The presence of phytin, oxalic acid and unabsorbed fatty acids

can form insoluble calcium salts, thereby decreasing the absorption of
calcium (Wohl et al., 1964).
In summary, one of the most important factors in the absorption of
calcium is the presence of hydrochloric acid in the upper part of the
small intestine (Bussabarger, 1938).

Since skeletal demineralization is

a recognized complication following gastric resection (Eddy, 1972;
Caniggia, 1964), the lack of hydrochloric acid resulting from the
reduction of secretory cells must be counted at least as a partial
cause of the bone demineralization.

Thus, gastric acid is one of

the major factors in calcium absorption.

However, the very soluble

forms of calcium should be efficiently absorbed in the absence of
gastric acid.
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EXPERIMENTAL METHODS
Gastric acidity is important in the absorption of calcium and iron.
Acid is necessary to solubilize many mineral salts in foods.

By

destroying the acid secreting cells of the stomach, a decreased
absorbance of calcium and iron may result.

Calcium salts with a high

solubility are expected to be absorbed more readily than less soluble
calcium salts, especially by achlorhydric animals.
Diet Composition and Preparation
All diets were prepared in a large stainless steel mixer.
Table 1.

Basal diet

Ingredients

Grams/kg diet

Casein

200

Dextrose

560

Mazola corn oil

100

-cellulose

50

Vitamin mixture

20

Mineral mixture

70

er:

A complete adequate commercial vitamin mix from Nutritional
Biochemicals Corporation was used in all studies (Table 2).

The

mineral mixtures were prepared separately for each diet using standard
mineral salts (Tables 3-6).

The mineral content of each diet was
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Table 2.

Vitamin rnixa used in basal diet

gm/kg rnixb

mg/kg diet

Vitamin A concentrate
(200,000 units per gram)

4 .5

90

Vitamin D concentrate
(400,000 units per gram)

0.25

5

-Tocopherol

5.0

100

Ascorbic Acid

45.0

900

5.0

100

75.0

1500

er

Inositol
Choline Chloride
Menadione

2.25

p-Aminobenzoic Acid

5.0

100

Niacin

4.5

90

Riboflavin

1. 0

20

Pyridoxine Hydrochloride

1. 0

20

Thiamine Hydrochloride

1. 0

20

Calcium Pantothenate

3.0

60

Biotin

0.020

0.4

Felic Acid

0.090

1.8

0.00135

0.27

Vitamin

a 12

CCVitamin Diet Fortification Mixture supposed by Nutritional
Eiochernicals Corp., Cleveland, Ohio.
These amounts were made up to one kilogram with dextrose.

45
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Table 3.

Calcium carbonate mineral mix

Salt

gm/kg min!< mix

Mineral

gm/kg diet

caco 3

223

Ca

6 . 24 (7. 30)

Na 2HP0 4 ·7H20

612

p

4.89

Mg

0.40 (0.410)

Fe

0.020 (0. 051)

Na

7.03

49

KC!

0.1456

KI
MgC0

3

20

FeSo4·7H20

1.43

K

1.80

ZnS0 4 •7H 2o

1. 26

Cl

1. 63

MnSo ·H o
4 2

2.11

Zn

0.020

Cuso4 ·5H o
2

0.2628

Co

0.002

Na Moo 4 •2H 0
2
2

1. 74

Mn

o. 0480

coc1 ·6H 2o
2

0.0114

Mo

0.007

89.0402

Cu

0.0046

I

0.0024

Fiber

) are the actual content of the mineral/kg diet.
Values in (
*Min. hereinafter refers to mineral.

lR

Table 4.

Calcium chloride mineral mix

Salt

Na2HP04·7H 2o
KCl

612
49

KI
MgC0

gm/kg min. mix

0.1456
20

3

1

Mineral

gm/kg diet

Ca

6.25 (7. 21)

p

4.89

Mg

0.40 (0.349)

Fe

0.020 (0.048)

Znso ·7H 0
4
2

1. 25

Na

7.03

MnSo ·7H o
4
2

2.11

K

1.80

CuS04·SH 2 o

0.0114

Cl

Na 2 Mo0 4 ·2H20

1. 74

Zn

0.020

CoC1 ·6H 2 o
2

o. 0114

Co

0.002

Mn

0.048

Mo

0.007

Cu

0.0046

I

0.0024

Fiber
CaC1

313.47
2

2

FeSO . 7H o3
4
2

12.33

Mineral mix modifications: 1. Add 52.5 grams min. mix/kg diet.
2. Add 17.35 grams Cacl in 100 ml water/kg diet, and 3. Add 100 mg
2
FeS04·7H 2 0/kg diet in 20 ml water. Values in (
) are the actual
content of the mineral/kg diet.
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Table 5.

Calcium gluconate mineral mix

Salt

NaHP04·7H 2 0
KCl
KI
MgC0 3

gm/kg min. mix

612
49
0.1456
20

Mineral

gm/kg diet

Ca

6 . 25 (7. 68)

p

4.89

Mg

0.40 (0.310)

Fe

0.020 (0.049)

Feso ·7H 0
2
4

1. 28

Na

7. 03

MnS0 4 ·H o
2

2.11

K

1.80

Znso 4 ·7H 0
2

1. 26

Cl

1.63

cuso 4 ·SH o
2

0.2628

Zn

0.020

Na 2 Mo0 4 ·2H20

1. 74

Co

0.002

CoC1 ·6H 2 o
2

0.1456

Mn

0.048

Mo

0.007

Cu

0.0046

I

0.0024

Glucose
Ca Gluconatel

312

Mineral mix modifications: 1. 70 grams of calcium gluconate/kg diet
was added at the expense of glucose. Values in (
) are the actual
content of the mineral/kg diet.
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Table 6.

Tri-calcium phosphate mineral mix

gm/kg min. mix

Salt

Mineral

gm/kg diet

ca 3 (P0 4 ) 2

231

Ca

6. 25 (6 . 96)

Na2HP0 4 ·7H20

221

p

4.89

NaCl

156

Mg

0.40 (O. 353)

49

Fe

0.020 (0.046)

Na

7.02

K

1.80

KCl
KI

0.1456

MgCo 3

20

FeS04 ·7H 2o

1.43

Cl

8.26

MnS0 ·H 20
4

2.11

Zn

0.020

Znso 4 ·7H20

1. 26

Co

0.002

Cuso4 ·6H 2o

0.2628

Mn

0.048

Na 2Mo04°2H20

1. 74

Mo

0.007

CoC1 2 ·6H 2o

0. 0114

Cu

0.0046

I

0.0024

Glucose
Values in

316
)

are the actual content of the mineral/kg diet.
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balanced nutritionally for all minerals except chloride.

In the calcium

gluconate diet, 70 grams of calcium gluconate were substituted for 70
grams of dextrose per kilogram of diet.
Approximately 3 grams of each diet were weighed in quadriplet into
acid rinsed crucibles, charred slowly for 3 hours, and ashed 36 hours
in a muffle furnace at 600° C.

The ash was dissolved in concentrated

hydrochloric acid and diluted to 100 grams with d e ionized water in acid
washed glassware for determination of iron content.

A 1:50 dilution of

ash aliquot was done in acid washed glassware with strontium chloride
solution containing 10,000 ppm strontium (Nalder, 1972) for calcium
and magnesium determinations.

All . samples were analyzed for calcium

and magnesium using a Perkin Elmer Model 303 atomic absorption
spectrophotometer and appropriate standards of known concentrations.
Animal Care

Animals
Eighty weanling Sprague-Dawl e y derived male albino rats from
Simonsen Laboratories, Gilroy, California, were used in two different
experimental sessions.

The forty rats in each session were randomly

divided into four equal groups.

In the first session, half of the

animals were fed a calcium carbonate diet and half were fed a calcium
chloride diet.

During the second session, half of the rats were fed

a calcium gluconate diet and half were fed a tri-calcium phosphate diet.
The animals were fed these diets for 3 weeks before they were killed.

Surgical procedure
Ten rats were selected at random from each group to have their
stomachs X-irradiated; another ten rats were the sham-operated control
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group.

Prior to surgery the average animal weighed

grams.

A 1:5 solution of sodium pentobarbital (15 mg/ml) was

approximat< ~ ly

69

administered inter-peritoneally as an anesthetic at the rate of 0.1
cc per 35 grams body weight.

Within approximately 4-5 minutes the

rat was breathing shallowly and unable to right himself when placed
on his back.

At this point the hair was plucked out slightly below

the ribs on the left side, exposing an area approximately 3 cm long
and 2 cm wide.

A small incision was made with sterile scissors and

then enlarged by separating the tissue.

The stomachs were pulled up

through a lead shield which protected the rest of the body from the
X-irradiation.

The exteriorized stomach was covered with a gauze pad

soaked in physiological saline.

The control rats had their stomachs

exposed to air for approximately 10 minutes in the laboratory, while
the treatment rats (Murray, 1970) had their stomachs exposed to 1750
rads of X-irradiation for 7.5 minutes at the L.D.S. Hospital in Logan.
The stomachs of all animals were pushed back through the incision
after the exposure and the incision closed with metal wound clips.
To prevent the spread of infection 0.5 cc of CambioticR containing
penicillin and dihydrostreptomycin was injected into the thigh muscle
of each animal shortly after surgery.

Recovery periods
The first session rats, those intended to receive the calcium
carbonate and calcium chloride diets, were given 2 days before surgery
to recover from the stress of their trip to the lab.

They were also

given 3 days post-surgery before being fed the appropriate diets.

The

second session rats, those intended to receive the tri-calcium phosphate
and calcium gluconate diets, were given 4 days pre-surgery and 5 days
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post-surgery for recovery.

At the time of surgery, the av0ragc weight

was approximately the same in animals in both sessions, but at the
initiation of the experiment the rats in the second session weighed
about 10 grams more than those of the first session.

Caging and collection
The rats fed the calcium carbonate and tri-calcium phosphate diets
were housed individually in stainless steel wire cages. Underneath
each cage was placed a stainless steel pan for the collection of
feces (Figure 2) •

The rats fed the calcium chloride and calcium

gluconate diets were housed in acid rinsed, glass, metabolism cages,
made from gallon jugs, with stainless steel wire mesh ceilings and
floors (Figure 3).

Beneath each jug were placed two beakers:

1000 ml beaker with a 400 ml beaker inside.

A fine mesh fiber-glass

net was placed over the mouth of the 400 ml beaker.

This allowed the

•
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feces to bounc e off the net and accumulate in the 1000 ml beake r while
the urine fell directly through the net into the 400 ml beaker.

On

occasion the beakers were shaken to remove any feces that remained on
the net.

No attempt was made to separate feces and urine of those

animals housed in the stainless steel cages.

The urine generally

evaporated and left only the feces, which were easily collected.
After collection, the feces were dried in an oven a t 90° for 24
hours, weighed in acid rinsed crucibles and ashed i n a muffl e furnac e
for 36 hours at 600° C.

The ash was then dissolved in conce ntrated

hydrochloric acid and brought to 100 grams with deionized wate r.

An

aliquot of this solution was diluted first 1:100 and t he n 1:5 with
strontium chloride solution (Nalder et al., 1972).

Fecal calcium and

magnesium concentrations were then analyzed with an atomic absorption
spectrophotometer using appropriate standards.
Fecal iron determination was made by using an aliquot of the same
ash solution, which was diluted 1:5 in deionized water and analyzed
along with appropriate iron standards on the atomic absorption
spectrophotometer.
Hemoglobin levels were determined each week.

Approximately 100 Al

of blood was taken from each rat by inserting a capillary tube into
the vascular bed behind the eye.

A 20

~l

sample of fresh blood was

mixed thoroughly with 5 ml of Drabkins reagent (1 gram NaHC0 3 , 40 grams
KCN and 198 mgrn K FE(CN) in 1 liter deionized water), allowed to stand
6
3
20 minutes, and read with a light spectrophotometer at wavelength 540 rnM,

along with a known hemoglobin standard (Crosby, Munn, and Furth, 1954).
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Feeding and weighing procedures
The rats were fed ad libitum during the day from 8 a.m. to 5 p.m.;
the feed cups were removed at night to minimize spillage.

The glass

feed jars and plastic water bottles were cleaned regularly and filled
as needed with distilled water.

The feed cups were weighed each time

they were filled and at the beginning of each week, so that total
intake could be calculated each week.
At the start of each week all animals were weighed before receiving
their feed cups in the morning.
Sacrifice procedures
Gastric acidity.

At the termination of the experiment, the rats

were fasted for 18 hours before being killed.

With the stomach and

intestinal tract empty, the fasting pH of the stomach, proximal, rnidand distal small intestine were obtained with narrow range pH paper
(Appendix, Table 18).

Gastric pH was measured by making an incision in

the fundic part of the stomach and immediately applying the pH paper of
the estimated range.

The small intestine was cut off at the pyloric

sphincter and at the beginning of the large intestine.

The proximal end

corresponds to the duodenal area and the distal end to the distal end
of the jejunum prior to the cecum.

To find the mid-intestine the small

intestine was folded in half and an incision made at that point.

The

pH paper of the predicted range was again immediately applied for all
intestinal pH determinations.

Gastric acidity and intestinal pH was

measured to the nearest 0.2 pH unit.
Liver iron and spleen, kidney and liver weights.

Spleen, kidney

and liver weights were determined at the time the animals were
sacrificed.

Each liver was placed in an acid rinsed crucible and dried
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in an oven at 90° C for 24 hours.

After drying, the livers were ashed

and analyzed for iron using the same procedure as for fecal iron.
Femur strength, calcium, magnesium and phosphorus.

Both rear legs

of each animal were amputated after the animals were killed.

Each leg

was removed by forcing the head of the femur out of its pelvic socket
and cutting between the femur and socket.

Each pair of legs was

labeled and placed in a stainless steel bucket of boiling water for
20 minutes.

The legs were then allowed to cool, stripped of soft

tissue and the bone was allowed to dry in room air for 2 weeks.

Femurs

were then separated from the lower leg and weighed for use in bone
strength determination.

The strength of each femur was measured by

determining the force (kg) necessary to break each bone placed across
a 1.5 cm span (Nalder, et al. 1972).
After breaking both femurs were reweighed in acid rinsed crucibles
and ashed in a muffle furnace at 600° C for 36 hours.

Bone ash was

further analyzed for calcium and magnesium by the same procedure
previously described for determining calcium and magnesium in the diet.
Bone phosphorus was determined by Gomorri's (1942) method.

A 0.5 ml

aliquot of the same bone ash solution used for bone calcium determination
was mixed with 4.5 ml M.S. solution (5 grams NaMo0 4 ·2H20 and 14 ml
tt

2 so 4 in 500 ml deionized water) and 0.5 ml Elon (1 gram

p-methylaminophenol and 3 grams NaHS0 3 in 100 ml water).

The mixture

was allowed to stand 45 minutes and read spectrophotometrically at
700UM.

Standards were prepared by adding different amounts of a

stock solution of .0032 M KH 2Po 4 (10 ul, 20 µl, 30

~l,

40 ul, and 60 ul)

in place of the bone ash aliquot for phosphorus determination.
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Statistical procedure
After collection of data, the mean, standard deviation, and
standard error were calculated.

To compare the differences between

control and X-irradiated groups and between the effects of the
different calcium salt diets an unpaired t test was applied.

After

determining the analysis of variance, the differences between diets
were compared using the LSD method.
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RESULTS

Dietary Composition

Total calcium, magnesium and iron available per gram of diet were
not significantly different {P<.01) in any treatment {Tables 3-6).

Both

calcium and iron were in greater amounts than anticipated by initial
calculation, while magnesium concentration was slightly below the
expected value.

Body Weight

Final body weights of the control rats were greater (P <.05) than
the x-irradiated ones except for the rats fed the calcium chloride diet
{Table 7).

All animals weighed an average of 69 grams prior to surgery.

Before the experiment started, control animals fed the tri-calcium
phosphate and calcium gluconate diets weighed approximately 93 grams on
the average, while those fed the calcium chloride and calcium carbonate
diets weighed approximately 83 grams.
Weight gain for animals fed the calcium chloride diet was similar
between the control and X-irradiated animals, 71 + 17 grams and 60 :_ 14
grams, respectively.

Control animals fed the calcium chloride diet had

weight gains of 71 grams in comparison to approximately 98 grams for the
other control groups.

All x-irradiated groups had similar average weight

gains ranging between 49 and 67 grams.

Table 7.

Average body weights and weight gains of control and gastric X-irradiated rats fed different
dietary calcium salt diets

Dietary
calcium salt

Caco 3

No.
Rats

0

1

gm

gm

gm

3

gm

Wt. gain

gm

109 + 8**
93 + 10

133 + 9**
109 + 11

174 + 13**
133 + 15

89 + 10**
49 + 14

83 + 6
84 + 10

95 + 10
88 + 12

121 + 10
109 + 16

156 + 13
140 + 26

71 + 17
60 + 14

8
9

100 + 11
96 + 12

151 + 8**
125 + 20

175 + 6
148 + 24

(201) 189 + 12**
(153) 137 + 26

101 + 6**
62 + 21

10
9

93 + 12
85 + 9

158 + 12**
119 + 12

179 + 6
149 + 14

(200) 176 + 11**
(157) 127 + 21

105 + 11**
67 + 22

Control
X-ray

8
9

85 + 6
83 + 9

Control
X-ray

7
9

Ca 3 (P0 ) 2
4
Control
X-ray
Ca Gluconate
Control
X-ray

CaC1 2

Body weight
Weeks
2

--

*Indicates significance at P< .05. ** Indicates significance at P< .01. Means + Standard Deviations
Values in (
) are estimated body weights. This was done due to an apparent weighing error in the third
week. Weight gain was determined using estimated body weights.

N
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Gastric Acidity

Gastric pH was determined to learn if it was related to the
absorption of calcium, iron or magnesium.

At the termination of the

experiment the pH of the stomach contents was determined following an
18 hour fast (Table 8).

The gastric acidity of the X-irradiated rats

(approximately pH 6.5) was always decreased (P <.01), as compared to the
sham-operated control rats (pH 2.5) which showed no signs of
achlorhydria.

Table 8.

Terminal gastric pH of control and X-irradiated rats fed
different dietary calcium salts

Dietary
calcium salt

No.
rats

pH of
stomach contents

caco
3
Control
X-ray

8
9

1.8 + 0.5**
6.1 + 1.1

CaCl
c3ntrol
X-ray

7
8

2.5 + 1. 5**
6.1 + 1.0

8

3.7 + 0.4**
6.8 + 0.2

Ca (P0 )
3
4 2
Control
X-ray
Ca Gluconate
Control
X-ray

9

10
8

1.9 + 0.3**
7 .o + 0.2

**Indicates that the mean difference was significant (P<.01) between
X-irradiated and control rats. Mean + standard deviation.

At the time the animals were killed, the data of any X-irradiated
animals with a fasting pH less than 4.5 were eliminated on the basis of
having an ineffective X-ray treatment.

The data of any control animals

having a fasting pH above 4.5 were eliminated for being achlorhydric.
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The animals fed the tri-calcium phosphate diet were accidentally fed for
one hour before being killed.

This may account for the slightly

elevatod fasting pH of the tri-calcium phosphale f<'d

qroup~:.

Apparent Calcium Absorption_
and Fecal Calcium
The absorption of calcium was significantly higher (P<.01) in the
control groups than in the X-irradiated groups of rats fed the same
calcium salt diet (Table 9).

X-irradiated rats fed the tri-calcium

phosphate diet had a negative absorption of calcium (-7 percent) , while
the absorption by the control rats was normal (40 percent) .

Control

animals fed the calcium chloride diet had a lower (P <.05) absorption
efficiency of dietary calcium (26 percent) than the control group f ed
the tri-calcium phosphate diet (40 percent), while the X-irradiated
animals fed the calcium chloride diet absorbed significantly more
calcium than the rats fed the tri-calcium phosphate diet (18 percent
and -7 percent, respectively) .
x-irradiated rats fed the calcium gluconate diet had a lower
(P<.Ol) fecal excretion of calcium than the X-irradiated groups fed
the calcium chloride and tri-calcium phosphate diets.

X-irradiated

rats (65 mg/gram) fed the calcium chloride diet were the only group
similar in fecal excretion to their controls (61 mg/gram) (Appendix,
Table 14).

X-irradiated animals fed the calcium gluconate diet

excreted only 48 mg calcium/gram feces, while those fed the calcium
carbonate, calcium chloride and tri-calcium phosphate excreted 59, 64
and 74 mg calcium/gram feces, respectively.
Control rats fed the calcium chloride diet had a higher (P<.05)
fecal calcium excretion than any other control group (Appendix, Table 14).

Table 9.

Apparent calcium absorption of control and gastric X-irradiated rats fed different calcium salts

APE_C!~ent

Dietary
calcium salts

Caco

3

No.
rats

1

2

_absorption (percent)
Weeks
3

Ave.

ab35 + 6** (23)
X13
13 (27)

Control
X-ray

8
9

34 + 8**
12 + 13

37+ 4**
12 + 20

33 + 4**
14 + 15

Control
X-ray

7
8

19 + 16
15 + 6

29 + 10*
18 + 6

31 + 11
23 + 11

xl8

Ca 3 (P0 4 ) 2
Control
X-ray

8

28 + 8**
-16 + 14

48 + 9**
-2 + 9

46 + 7**
-4 + 13

b40 + 4** (23)
(27)
-7 + 9

Ca Gluconate
Control
X-ray

10

31 + 6
25 + 15

38 + 6
33 + 13

41 + 8
26 + 14

ab35 + 8**(29)
X25
4
(27)

CaC1

2

9

9

-

-

+

26 + 6**(21)
5
(25)

+

-

+

TnrH,-.=>+-ac- siqni!'""'"'""'
C"''::'"';.ficance at
*Indicates significance at P< .OS.
** Indicates
=-+- P<
n,,. .01.
n1
Ma=-n _.. c-+-=-,..,,...,,..,...,... ,..."'"'"'+-'"'"'
""''""'"'
in (
) indicate the total number of observations in each treatment when different from the number of
rats. Treatment values with the same small letter are not significantly different (P< .05) between salts.
Letters at the beginning and end of the alphabet differentiate between salt comparisons for control and
X-irradiated rats, respectively.
LSD(.05) = 13
LSD (. 01) = 17

w
N
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The control animals fed the calcium chloride diet excreted 61 mg
calcium/gram feces compared to 46, 42 and 42 mg calcium/gram feces
for the control rats fed the calcium chloride, tri-calcium phosphate
and calcium gluconate diets, respectively.

Bone Strength, Calcium and Phosphorus

Except in the rats fed the calcium chloride and calcium gluconate
diets, femur strength was greater (P<.05) in the control rats than the
X-irradiated rats fed the same dietary calcium treatment.

X-irradiated

rats fed the calcium chloride and calcium gluconate diets had similar
femur strengths (25 and 24 kg force/gram bone, respectively), when
compared to the control groups (28 and 26 kg).

Femurs from rats fed

the tri-calcium phosphate diet required the least force to break, 23 kg
for the control and 17 kg/gram for the X-irradiated.

Femur strengths

of rats fed the calcium carbonate diet were 28 kg for the control rats
and 22 kg force/gram bone for the X-irradiated rats (Table 10) .
The amount of calcium in the femurs was similar in all rats fed
the calcium chloride diet (control, 173 mg/gram; X-irradiated, 166
mg/gram) and rats fed the calcium gluconate diet (control, 218 mg/gram;
X-irradiated, 213 mg/gram).

Bone calcium of X-irradiated rats fed the

calcium carbonate and tri-calcium phosphate diets, 136 and 134 mg of
calcium, respectively, was significant (P<.01) different from the
control rats which had 173 and 209 mg of calcium per gram bone,
respectively (Table 10).
X-irradiated animals receiving the tri-calcium phosphate diet were
found to have only 79 mg phosphorus per gram bone as compared to the

Table 10.

Femur strength, femur calcium and femur phosphorus in control and gastric x-irradiated rats fed
different dietary calcium salts

Dietary
calcium salt

ca co

~ontrol

No.
femurs

Femur
breaking strength

Femur calcium

Femur phosphorus

kg force/gm bone

mg Ca/gm bon2

mg P/gm bone

C89 + 7
ZS6 + 11 (17)

X-ray

16
18

a28 + 7**
x22 + 6

b172 + 16** (15)
Yl36
28

2
Control
X-ray

13
14

a29 + 4
x25 + a

b173
166

Ca 3 (P0 4 )
2
Control
X-ray

16
18

Ca Gluconate
Control
X-ray

20
18

CaC1

23 + 2**
17 + 4

a26 + 3
x24 + 5

+

+ 19

+ 23
-

209 + 7**
Y134
20

+

218 + 16
213 + 10

(12)

97 + 12
z90
10

+

c95 + 8*
(17)
79 + 6

c88 + 5
z90
6

+

*Indicates significance at P<.05. **Indicates significance at P<.01. Means + standard deviation.
Values in (
) indicate the number of observations when different for the number of femurs. Treatment
values with the same small letter are not significantly different (P<.05) between salts. Letters at the
beginning and end of the alphabet differentiate between salt comparisons for control and X-irradiated rats,
respectively.
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84 mg/gram bone for the control animal s .

The bone phospho ru s conte nts

we r e similar in the control groups which ranged between 88 and 97 mg
per gram and in the X-irradiated groups which ranged between 86 and
90 mg per gram (Table 10).
Hemoglobin

Hemoglobin was measured to indicate the iron status of the
i ndividual rats to determine if gastric X-irradiation had an effect on
iron absorption.

Hemoglobin levels of rats f ed t he ca lcium carbona t e

and calcium c hloride diets were below 9.5 grams Fc/100 ml blood whe n
the experiment was initiated, but within a week we r e wi t hin norma l
range (12.0 grams Fe/100 ml blood).
All X-irradiated rats maintained hemoglobin levels at approximately
12.5 grams/100 ml blood, while all control rats had increased to
approximately 13-15 grams Fe/100 ml blood by the end of the experiment.
Only the X-irradiated animals fed the tri-calcium phosphate diet had
hemoglobin levels similar to their controls (Table 11) .
Iron Absorption and Fecal Iron

The X-irradiated rats in each treatment absorbed approximately
8 percent of their dietary iron intakes, compared to approximately 30
percent for the controls (P<.01).

X-irradiated rats fed the

tri-calcium phosphate diet had an iron absorption of 19 percent, which
was higher than all other X-irradiated groups (Caco , 12 percent;
3
Cac1 , 7 percent, calcium gluconate, -4 percent).
2

X-irradiated rats fed

the calcium gluconate diet had a total negative absorption of -4 percent,
which was lower (P<.05) than any other X-irradiated group (Table 12).

Table 11.

Hemoglobin values in control and X-irradiated rats fed different dietary calcium salts

Dietary
calcium salts

Caco 3
Control
X-ray
CaC1 2
Control
X-ray
Ca 3 (P0 )
4 2
Control
X-ray
Ca Gluconate
Control
X-ray

No.
Rats

Initial

Hemoglobin
Number of weeks on diet
1
2

3

gm/100 ml

gm/100 ml

gm/100 ml

gm/100 ml

9
9

a9.4 + 0.6*
6.9 + 1.8

13.0 + 1.0
11.7 + 2.2

15.9 + 0.8*
13.9 + 2.4

al5.3 + 0.6**
xl2.9
2.1

8
9

7.5 + 1.8
7.8 + 0.7

12.0 + 4.9
12.2 + 0.7

14. 9 + 1. 9
13.9 + 1.5

al4.9 + 1.0**
x12.6
1.5

8
9

14. 2 + 1. 3
13.7 + 2.6

15.7 + 1.0
14.9 + 2.5

16.6 + 1.5*
13.7 + 2.3

bl6.6 + 0.8*
14. 5 + 2. 3

13. 9 + 1.1*
12.0 + 2.3

16.0 + 1.4**
12. 7 + 1. 9

15.3 -+ 1.0**
11. 0 + 1. 9

bl5.9 + 2.4**
11.8 + 2.4

10
9

+

+

*Indicates significance at P<.05. **Indicates significance at P<.01. Means 2:_ standard deviation.
Values in (
) indicate the number of observations in each treatment. Treatment values with the same
small letters are not significantly different (P<.05; between salts. Letters at the beginning and end of
the alphabet differentiate between salt comparisons for control and X-irradiated rats, respectively.

w
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Table 12.

Iron absorption of control and gastric X-irradiated rats fed different dietary calcium salts

Dietary
calcium salts

No.
rats

1

Apparent absorption
Weeks
2
3

Ave.

percent

percent

percent

8
9

33 + 8**
6 + 17

38 + 11**
16 + 16

28 + 8
23 + 8

a33 + 3** (23)
xl2
11 (27)

Cacl 2
Control
X-ray

7
8

12 + 14
9 + 10

30 + 4**
3 + 12

28 + 11*
14 + 10

a23 + 9** (21)
x 9
8
(26)

Ca 3 (P0 )
4 2
Control
X-ray

8
9

33 + 11
16 + 16

46 + 11
30 + 12

25 + 13*
11 + 11

a34 + 6** (25)
xl9
7
(27)

10

38 + 8*
14 + 28

31 + 18
17 + 13

12 + 24**
-34 + 25

a24 + 11** (29)
(27)
-4 + 13

Caco 3
Control
X-ray

Ca Gluconate
Control
X-ray

9

percent

+

+
+

Indicates significance at P<.05. **Indicates significance at P<.01. Means+ standard deviation. Values
in (
) indicate the number of observations in each treatment. Treatment va-lues with the same small
letter are not significantly different (P<.05) between salts. Letters at the beginning and end of the
alphabet differentiate between salt comparisons for control and X-irradiated rats, respectively.
LSD(.05) = 12
LSD(.01) = 16
w

-.J

38
Fecal excretion of iron was higher (P< .01) in all X-irradiated
groups than in their controls (Appendix, Table 15).

Rats fed the calcium

chloride diet had a larger excretion of iron per gram feces in both
control and gastric X-irradiated rats (426

~g/gram

and 535 u.g/gram,

respectively), than all other control and X-irradiated groups
(approximately 315

~g/grams

and 398 ug/grams) .
Liver Iron

Liver iron concentration and total liver iron content were higher
(P<.05) in all control groups when compared to their X-irradiated
equivalents (Table 13).

Table 13.

All livers from the rats fed the calcium

Liver iron in control and gastric x-irradiated rats fed
different dietary calcium salts

Dietary
calcium salts

No.
rats

Fe/gram l i ver
U.g

CaCl

~ontrol
X-ray

ca 3 (P0 4 ) 2
Control
X-ray
Ca Gluconate
Control
X-ray

Fe/live r

ug

8
9

a12s + 23** (6)
x 90 + 8

b484 + 60** (6)
Y347 + 53

8
8

a141 + 30*
XlOl -+ 39

917 + 155**
Y454 + 269

10

all7 + 44*
x 74 + 20

bs93 + 299**
Y278 + 99

8

*Indicates significance at P<.05. **Indicates significance at P<.01.
Means + standard deviation. Values in (
) indicate the number of
observations when different from the number of rats. Treatment values
with the same small letter are not significantly different {P<.05)
between salts. Letters at the beginning and ending of the alphabet
differentiate salt comparisons for control and X-irradiated rats,
respectively.
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carbonate diet and two livers from the rats fed the calcium chloride
diet were lost due to mislabeling of crucibles during ashing.

Comparison of Different CalciUiil Salts

The solubility of calcium chloride and calcium gluconate salts is
high (760 grams and 33 grams/liter, respectively) in comparison with
the calcium carbonate and tri-calcium phosphate salts (.02 grams/liter,
each).

Calcium lactate, which is similar in chemical properties to

calcium gluconate, tends to increase in solubility with an alkaline
media (Robinson et al., 1941).

Calcium gluconate also increases in

solubility in the presence of an alkaline media, while the presence
of acid increases the solubility of most other calcium salts.
Control animals fed the calcium chloride diet gained less weight
(71 grams) than the other control rats fed the other calcium salt diets
which had an average weight gain of 98 grams {Table 7).

Average body

weights were approximately the same for all control and X-irradiated
groups (187 grams and 147 grams, respectively).
In every case, the calcium absorption of the controls was
significantly (P<.01) higher than the X-irradiated rats fed the same
diet.

Control rats fed the calcium chloride diet absorbed less (P<.05)

dietary calcium (26 percent) than the rats fed the tri-calcium phosphate
(40 percent) diet.

X-irradiated rats fed the calcium gluconate diet

absorbed 25 percent of their dietary calcium intake, which was greater
than any other X-irradiated group (Table 9).

X-irradiated rats fed the

tri-calcium phosphate diet had a negative (-7 percent) calcium
absorption, which was less (P<.01) than the calcium absorption of all
other X-irradiated groups (Table 9).
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Both groups of animals fed the diets containing soluble calcium
salts, calcium chloride and calcium gluconate, had similar femur
strengths between control (28 and 26 kg force/gram bone, respectively)
and X-irradiated rats (25 and 24 kg force/gram bone, respectively)
(Table 10).

Those X-irradiated rats fed the insoluble forms of calcium

had decreased (P<.05) femur strengths (calcium carbonate, 28 kg
force/gram bone; tri-calcium phosphate, 17 kg force/gram bone) when
compared to their controls (calcium carbonate, 28 kg force/gram bone;
tri-calciurn phosphate, 23 kg force/gram bone).

Less force was required

to break the femurs of rats fed the tri-calcium phosphate diet
(control, 23 kg force/gram bone; X-irradiated, 17 kg force/gram bone),
than was requirej to

br~ak

the femurs of all other groups (control,

27 kg force/gram bone and X-irradiated, 24 kg force/gram bone
approximately)

(Table 10) .

The X-irradiated rats fed the soluble forms of calcium in their
diets had less iron absorption (calcium chloride, 9 percent; calcium
gluconate, -4 percent) than did those rats fed the calcium carbonate
and tri-calciurn phosphate diets (12 and 19 percent, respectively).
Control rats fed the tri-calciurn phosphate diet had more (P<.05) total
liver iron (917 ug), when compared to the rats fed the calcium chloride
(484 ug) and calcium gluconate (595

~g)

diets.

Liver iron

concentration in all X-irradiated rats was similar on both a total
liver and per gram liver basis (Table 13).
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DISCUSSION

Gastric X-irradiation resulted in a significant rise · in the pH of
the gastric contents, thus confirming the data of Murray (1970).

The

control sham-operated rats had a gastric pH of 2.5, while the
X-irradiated rats had a decreased gastric pH of 6.5 (Table 8).

Since

calcium must be available in an ionic state to be absorbed, gastric
acid is important in the absorption of calcium.

Starry (1961) observed

the importance of gastric acid when he found the amount of ultrafilterable
calcium in the gastric contents decreases rapidly as the pH of the
contents was raised above pH 6.0.

Therefore, gastric acidity may be

an important part of calcium absorption.

These data were supported by

the decreased calcium absorption in the gastric X-irradiated rats when
compared to the control animals (Table 9).
As observed in Table 9, the absorption of dietary calcium by
X-irradiated rats fed the calcium gluconate diet (25 + 8 percent} was
similar to their controls (35 .:!:_ 4 percent}.

Since calcium gluconate

becomes more ionic as the pH increases toward neutral, the achlorhydric
conditions of the stomach would favor the absorption of calcium from
the calcium gluconate diet.
X-irradiated rats fed the tri-calcium phosphate diet had a
negative absorption of calcium (-7 percent} compared to the controls (+40
percent}.

Increasing the gastric pH provides an environment which

allows insoluble calcium phosphate salts to exist without breaking into
ionic components (Figure 1).

Thus, less ionic calcium would become

available for absorption by these achlorhydric rats.
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Calcium chloride in the diet increases fecal calcium excretion
(Bas;ett, 1932) and also acts as a diuretic (Irwin, 1954; Lowenberg,
1923and Segall et al., 1925).

The increase in fecal calcium

excr=tion caused by calcium chloride in the diet may be due to an
inc13ased motility of the gut resulting in a poor calcium absorption.
Thiswould account for the poor utilization of calcium by the control
anirrals fed the calcium chloride diet.
When the body is deprived of an adequate amount of calcium, an
incr~ase

in absorption efficiency of ionized calcium will occur (B ell

et a .• , 1941; Williams et al., 1957; Bragg et al., 1971).

Williams

et a .• (1957) observed that as the calcium in diets fed young rats
decr!ased from 0.5 percent to 0.1 percent, the retention of calcium-45
trac~s

increased from 84.5 percent to 99.8 percent.

Similarly, when

the unount of calcium in the diet of hens was lowered from 0.375 percent
to 0225 percent, the apparent absorption of the calcium was increased
from69 percent to 74 percent (Bragg et al., 1971).

The X-irradiated

rats which had a decreased (P<.05) total food intake and consequently
a decreased calcium intake, should have absorbed the calcium more
efficiently than the control rats.

Therefore, it is unlikely that

tota: intake of calcium per se was responsible for the decreased
absorption differences observed.
Under achlorhydric conditions the solubility of a dietary calcium
s alt may affect the absorption of calcium.

X-irradiated rats fed the

s o lulle calcium chloride and calcium gluconate salts absorbed (18 and
25 percent, respectively) more calcium than the X-irradiated rats fed
the Jnsoluble calcium carbonate and tri-calcium phosphate salts (13
and ·7 percent, respectively) (Table 9).
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Both calcium chloride and calcium gluconate are soluble forms of
dietary calcium (740 and 33 grams/liter, respectively) while calcium
carbonate and tri-calcium phosphate are insoluble forms of calcium
(0.02 grams and 0.02 grams/liter, respectively).

Since the soluble

forms are easily ionized in water and the insoluble forms of calcium
salt require acid, then under achlorhydric conditions an increase in
absorption from the insoluble forms of calcium can be expected
(Handbook of Chemistry and Physics, 1968).
Magnesium is absorbed similarly to calcium (Starry, 1961),
therefore it might be expected that magnesium would have a decreased
absorption in the X-irradiated rats.

Magnesium carbonate was added to

all of the diets as the source of magnesium for all rats.

Since

magnesium carbonate has a high solubility of 1.8 grams/liter (Handbook
of Chemistry and Physics, 1968), then gastric acid is not needed to
ionize the magnesium for absorption.

Thus, the x-irradiated and

control animals in all groups had similar magnesium absorption values.
Growth differences between the control and X-irradiated rats may
have been due to the decreased ability of X-irradiated animals to
assimilate nutrients, especially calcium and iron, or to a decreased
total food intake of calcium by the X-irradiated rats.

It is generally

accepted that calcium deficiency results in a loss of weight.

Thus,

calcium deficiency can be used to determine growth differences between
control and X-irradiated rats.
A decreased assimilation of nutrients by the X-irradiated animals
may account for the growth differences between the control and
X-irradiated animals.

Since the absorption of most major minerals is

dependent upon the availability of the minerals in ionic form, then
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as discussed earlier, gastric acid is important in the assimilation of
these minerals by the body.

The X-irradiated rats showed an impaired

iron absorption (Table 12) and hemoglobin level (Table 11) when
compared to the control rats fed the same diet.

Therefore, a neutral

pH in the stomach of X-irradiated animals could have resulted in a
decreased absorption of vital nutrients necessary for growth.
Growth differences may also be caused by a decrease in total food
intake.

Although X-irradiated rats did have a decreased (P<.05) total

food intake during the three weeks of experimentation, when compared
to their controls, all X-irradiated and control rats consumed over
64 mg of calcium daily, which exceeds the required 22 mg necessary for
growth and the 48 mg essential for bone mineralization (Bernhart et al.,
1969).

Thus, all animals consumed sufficient calcium for maximal growth

and bone mineralization, if utilization was sufficiently efficient.
X-irradiated rats fed the calcium chloride and calcium gluconate
diets had bone strengths (25 and 23 kg force/gram bone, respectively)
similar to their controls (28 and 26 kg force/gram bone, respectively).
Salomon and Volpin (1972) demonstrated a decreased bone strength in
rats was characteristic of calcium deficiency.

Since these data are

similar for both X-irradiated and control rats, the X-irradiated rats
fed calcium chloride and calcium gluconate are not calcium deficient
by this criteria.

The X-irradiated rats fed the calcium carbonate and

tri-calcium phosphate diets had bone strengths of only 22 and 17 kg
force/gram bone, respectively.

The X-irradiated rats fed these two diets

were, therefore, calcium deficient.

This phenomenom can be explained

only by the lack of gastric acid needed for the solubilization and
absorption of insoluble forms of dietary calcium.
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The reason for the differences in the initial starting body we ights
is due to the length of the recovery periods.

The rats fed the calcium

carbonate and calcium chloride diets had only a two day rest period
after reaching the lab before undergoing surgery and three days
post-surgical recovery time.

Rats fed the tri-calcium phosphate and

calcium gluconate diets had four days pre-surgery and five days
post-surgery before beginning the experiment.

The extra four days of

recovery received by the rats fed the tri-calciurn phosphate and calcium
gluconate would easily account for the 10 gram (Table 7) difference in
body weight when both groups began the exper i ment.
The artificially induced achlorhydria of X-irradiation produced a
significant decrease in hemoglobin (from approximately 16 to 13 grarns/100
ml), liver iron (approximately 650

~to

350

absorption (approximately 29 to 9 percent).

~g/liver)

and decreased iron

This evidence suggests that

a decreased acid situation in the stomach leads to depleted body iron
stores which is in accordance with the data of Goldberg, et al. (1963).
The necessity of gastric secretion is important in calcium and iron
absorption from the intestine.

Increasing the level of dietary calcium

or iron as demonstrated by Goldberg et al. (1963) for iron absorption
and by Whedon (1959) for calcium absorption, may compensate for lack
of sufficient gastric acid.

The data discussed here indicate that

soluble forms of calcium are absorbed more readily than the insoluble
forms when gastric acid is the limiting factor.

It is possible that

a positive calcium balance may be produced in people with achlorhydria
by the intake of an intestinally soluble form of calcium, which could
be used in the formation of new bone tissue.
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SUMMARY AND CONCLUSIONS

To test the effect of achlorhydria on calcium absorption, eighty
weanling Sprague-Dawley derived male albino rats were divided into
eight groups.

All animals had their stomachs exposed through a

mid-line incision.

The control rats were sham-operated, while the

treatment animals had their stomachs X-irradiated to destroy the
parietal cells (Murray and Stein, 1970).

Four diets, containing

different calcium salts of varied solubilities (calcium carbonate ,
calcium chloride, calcium gluconate or tri-calcium phosphate) and
having varied solubilities, were prepared.

Ten control and ten

X-irradiated rats were fed each diet during the three weeks of the
experimental period.
The following can be concluded from the data obtained in this
experiment:
1.

Calcium absorption was reduced significantly in
X-irradiated animals as compared to sham-operated controls.

2.

The soluble forms of calcium in the diet were absorbed
more efficiently in the X-irradiated rats than were the
slightly soluble forms of calcium.

3.

Femur strength was decreased drastically in X-irradiated
rats fed the poorly soluble forms of calcium when compared
to controls.

4.

Iron was absorbed less efficiently by X-irradiated rats
than controls.

47

5.

Liver iron and hemoglobin concentration were much less in
the X-irradiated rats as compared to controls.
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APPENDICES

Appendix

Table 14.

Fecal calcium concentrations in control and gastric X-irradiated rats fed different dietary
calciwn salts

mg Ca/gram feces
Dietary
calciwn salts

Caco 3

No.
rats

Weeks
1

a46 + 6** (23)
zx59 + 9
(28)

64 + 11
66 + 8

61 + 8
68 + 3

58 + 7
61 + 4

61 + 4*
yx65 + 3

8
9

44 + 4**
69 + 8

48 + 5**
93 + 9

36 + 5**
61 + 9

a42 + 3** (24)
(27)
Y74 + 5

10
9

44 + 3**
51 + 4

46 + 4**
57 + 6

36 + 3
37 + 6

a42 + 2** (30)
Z49
4
(27)

50 + 7*
62 + 12

cac1
2
Control
X-ray

7
8

Ca Gluconate
Control
X-ray

Ave.

46 + 4**
60 + 7

8
9

Control
X-ray

3

+ 8*
55 + 12

Control
X-ray

ca 3 (P0 4 ) 2

2

~l

(22)
(25)

+

*Indicates significance at P<.05. **Indicates significance at P<.01. Means + standard deviation. Values
in (
) indicate the number of observations in each treatment. Treatment values with the same small
letter are not significantly different {P<.05) between salts. Letters at the beginning and end of the
alphabet differentiate between salt comparisons for control and X-irradiated rats, respectively.
LSD (. 05) = 13
LSD { • 01)

=

17

lll
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Appendix

Table 15.

Fecal iron concentrations of control and gastric X-irradiated rats fed different dietary
calcium salts

Dietary
calcium salt

No.
rats

u.g Fe/gram feces
Weeks
Ave.

1

2

3

8
9

363 + 41*
465 + 100

284 + 53*
373 + 75

351 + 55
408 + 64

CaC1 2
Control
X-ray

7
9

467 + 55
478 + 286

405 + 61**
540 + 67

508 + 32**
496 + 73

b426 + 30** (22)
535 + 71
(25)

Ca (P0 )
4
3
Contfol
X-ray

8
9

269 + 36
330 + 67

326 + 52**
422 + 60
-

324 + 62
348 + 49

a306 + 26** (24)
x368
26
(27)

251 + 41**
370 + 76

323 + 57**
450 + 60

344 + 97*
426 + 61

a306 + 42** (30)
X415
52
(28)

CaCO

~ontrol
X-ray

Ca Gluconate
Control
X-ray

10
9

ab333 + 35** ( 26)
X411
60
(27)

+

+

+

*Indicates significance at P .05. **Indicates significance at P .01. Means ~standard deviation.
Values in {
) indicate the number of observations in each treabnent. Treabnent values with the same
small letter are not significantly different (P .05) between salts. Letters at the beginning and end of the
alphabet differentiate between salt comparisons for control and X-irradiated rats, respectively.
LSD(.05) = 116
LSD(.01) = 155
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Table 16.

Fecal magnesium of control and X-irradiated rats fed different dietary calcium salts

Dietary
calcium salt

________.m
......a..._....M-"L.aLL/.LaLir__;un Tort o

- -weeks

c

No.
rats

1

2

3

8
9

2.7 + 0.4
3.0 + 0.6

2.5 + 0.5
2.4 + 0.6

2.4 + 0.2
2.3 + 0.4

2.5 + 0.3
2.5 + 0.5

Cacl 2
Control
X-ray

7
8

3.0 + 0.6
3.3 + 0.2

3.0 + 0.4
3.2 + 0.2

2.5 + 0.2
2.6 + 0.3

2.9 + 0.2
3.0 + 0.2

Ca 3 (P04 }
2
Control
X-ray

8
9

1.8 + 0.2
1.8 + 0.3

2.0 + 0.3
1.9 + 0.5

1.8 + 0.2
1.7 + 0.4

1.9 + 0.2
1.8 + 0.4

10

1.3 + 0.1
1.4 + 0.1

1.3 + 0.2*
1.5 + 0.2

1.2 + 0.1
1.4 + 0.3

1.3 + 0.1
1.4 + 0.2

caco

~ontrol
X-ray

Ca Gluconate
Control
X-ray

9

*Indicates significance at P<.05.

Ave.

Mean± standard deviation.

LSD (. 05) = 1. 8
LSD(.01) = 2.4

LT1
LT1

Appendix

Table 17.

Magnesium absorption of control and X-irradiated rats fed different dietary calcium salts

Dietary
calcium salt

CaCO

~ontrol
X-ray

CaC1 2
Control
X-ray
Ca 3 (P0 4 )
2
Control
X-ray
Ca Gluconate
Control
X-ray

No.
rats

Percent absorption
Weeks
1

2

3

Ave.

8
9

37 + 7
25 + 17

33 + 14
31 + 19

38 + 6
42 + 13

a35 + 9
X28
17

7
9

24 + 17
12 + 7

29 + 9
22 + 9

39 + 8
35 + 16

a3o + 7
X23
8

8
9

42 + 8**
67 + 3

56 + 8
57 + 14

45 + 9
42 + 16

b48 + 4
55 + 9

10
9

49 + 6
48 + 14

52 + 15
50 + 15

50 + 7**
28 + 17

b50 + 6*
42 + 7

+
+

*Indicates significance at P<.05. **Indicates significance at P<.01. Means~ standard deviation.
Treatment values with the same small letter are not significantly different (P<.05) between salts. Letters
at the beginning and end of the alphabet differentiate between salt comparisons for control and X-irradiated
rats, respectively.
LSD(.05) = 11
LSD(.01) = 15

\.11

a\
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Table 18.

Terminal intestinal pH of control and X-irradiated rats fed different dietary calcium sal t s

Dietary
calcium salt

Caco 3
Control
X-ray

No.
rats

Proximal

Intestinal J2H
Center

Distal

8
9

6.3 + 0.1
6.2 + 0.2

6.0 + 0.1
5.9 + 0.2

6.8 + 0.2
6.3 + 0.3

2
Control
X-ray

7
8

6.1 + 0.4
6.3 + 0.3

6.1 + 0.2
6.0 + 0.2

6.7 + 0.3
6.8 + 0.4

Ca (P0 )
3
4 2
Control
X-ray

8
9

5.6 + 0.7
6.4 + 0.3

5.4 + 0.7
6.0 + 0.2

5.8 + 0.9
6.3 + 0.3

10
8

6.3 + 0.1
6.9 + 0.3

6.1 + 0.1
7.0 + 0.1

6.7 + 0.2
6.7 + 0.2

CaC1

Ca Gluconate
Control
X-ray
Mean + standard deviation.

lJ1
-.J
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Table 19.

Average food intake and dry matter of control and X-irradiated rats fed different calcium salts

Dietary
calcium salt

CaC0
3
Control
X-ray
CaC1 2
Control
X-ray
Ca (P04 )
3
2
Control
X-ray
Ca Gluconate
Control
X-ray

No.
rats

9
9

Food intake
gm/week

aba3. o + 15
64.6 + 10

Dry matter absorption
percent

89.5 + 1.0
89.l + 0 . 8

9

b12.6 + 17*
63. 3 + 12

91.4 + o. 7
91.0 + 0.4

10
9

a94.l + 8**
70. 7 + 11

89. 7 + o. 7
89.7 + 1.0

9
9

abg2.3 + 8**
72.6 + 11

88 .1 + 1. 0
88 .2 + 1.1

8

*Indicates significance at P<.05. **Indicates significance at P<.01. Means+ standard deviation.
Treatment values with the same small letter are not significantly different (P<.OS) between salts.
Food intake: LSD(.05) = 21.8
LSD(.01) = 29.l

(J1
(X)
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